Observations of ocean-terminating outlet glaciers in Greenland and West Antarctica [1] [2] [3] [4] [5] [6] indicate that their contribution to sea level is accelerating as a result of increased velocity, thinning and retreat [7] [8] [9] [10] [11] . Thinning has also been reported along the margin of the much larger East Antarctic ice sheet 1 , but whether glaciers are advancing or retreating there is largely unknown, and there has been no attempt to place such changes in the context of localized mass loss 7, 9 or climatic or oceanic forcing. Here we present multidecadal trends in the terminus position of 175 ocean-terminating outlet glaciers along 5,400 kilometres of the margin of the East Antarctic ice sheet, and reveal widespread and synchronous changes. Despite large fluctuations between glaciers-linked to their size-three epochal patterns emerged: 63 per cent of glaciers retreated from 1974 to 1990, 72 per cent advanced from 1990 to 2000, and 58 per cent advanced from 2000 to 2010. These trends were most pronounced along the warmer western South Pacific coast, whereas glaciers along the cooler Ross Sea coast experienced no significant changes. We find that glacier change along the Pacific coast is consistent with a rapid and coherent response to air temperature and sea-ice trends, linked through the dominant mode of atmospheric variability (the Southern Annular Mode). We conclude that parts of the world's largest ice sheet may be more vulnerable to external forcing than recognized previously.
Ice sheets lose mass through melting (surface or basal) and dynamic changes (for example, the acceleration and retreat of outlet glaciers). For the Greenland ice sheet, these two components have made approximately equal contributions to its recent negative mass balance 12 . In Antarctica, surface melt is much less important, but the West Antarctic ice sheet is thought to be vulnerable to oceanic warming because large parts of its bed lie below sea level 13 . Recent estimates have also confirmed its negative mass balance [9] [10] [11] . In contrast, the mass balance of the much larger East Antarctic ice sheet (EAIS) is closer to equilibrium or slightly positive 7, [9] [10] [11] , but recent thinning (2003) (2004) (2005) (2006) (2007) has been detected on several major outlet glaciers 1 , resulting in negative imbalances in some catchments 7, 9 . Similar thinning of outlet glaciers in the Greenland and West Antarctic ice sheets and the Antarctic Peninsula over the past two decades has been associated with glacier acceleration and changes at their termini 2, 6, 8, 14 , predominantly retreat and the thinning or collapse of ice shelves 5, 6 . However, unlike for the Greenland 2,15 and West Antarctic 4 ice sheets and the Antarctic Peninsula 16 , there has been no comprehensive analysis of glacier terminus positions in East Antarctica. Measurements on a small number of glaciers (,20) revealed cyclic behaviour with no obvious trend or a reduction in their floating area since the 1950s 17, 18 . Here we use approximately 300 satellite images (spanning 1963-2012) to map the terminus position of a comprehensive set of 175 glaciers along 5,400 km of the EAIS, stretching from Queen Mary Land (longitude 90u E) to Victoria Land (170u E) (Methods Summary and Supplementary Table 1 ). This region represents about a third of the EAIS margin and was selected because it encompasses two regions of mass loss (Wilkes Land and northern Victoria Land) 7, 9 ; because large parts are grounded below sea level 19 , which may enhance its vulnerability to oceanic forcing; and because the absence of large ice shelves makes individual glacier termini readily identifiable. Glaciers in this region encompass a range of widths (0.65 to ,57 km) and flow speeds (,155 to ,1,400 m yr
21
) and all calve into the ocean, with most (,90%) possessing floating extensions and many (,84%) unconstrained by lateral boundaries (for example fjord walls) at their termini. To minimize the influence of short-term interannual variations and major (potentially stochastic) calving events that are known to occur 17, 18 , we focused on large numbers of glaciers at approximately decadal time steps (1974, 1990, 2000 and 2010) , but the measurement years were dictated by the availability of imagery when most glaciers (n . 130) could be mapped.
A ). The magnitude of advance or retreat experienced by different glaciers varies considerably ( Fig. 2) and is linked to their width, which is correlated with glacier speed (Supplementary Fig. 1 ). Thus, large glaciers with higher flow speeds tend to undergo the largest changes, in both advance and retreat phases. Several large glaciers (for example those .15 km wide) experienced major calving events that caused retreats of tens of kilometres followed by re-advance, indicating cyclic behaviour potentially unrelated to external forcing ( Supplementary  Figs 2 and 3 ). This process might introduce considerable variability and obscure any trends. However, the inclusion or exclusion of large glaciers seems to have little effect: the switch from retreat (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) to advance (1990-2000) is very highly significant (P , 0.0005), irrespective of whether large glaciers are included (Fig. 2a, b and Supplementary Table 2 ). Significant differences (P , 0.05) are also found between the second and third periods (or epochs) we consider, owing to an increased number of glaciers undergoing retreat from 2000-2010 compared with 1990-2000. However, the significance levels are lower because of the more even mix of advance and retreat in the most recent period (Supplementary Table 3 ).
These trends in terminus retreat and advance are most pronounced along the western South Pacific coast (Fig. 2c) , where the changes from retreat (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ) to advance (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and back to retreat (2000-2010) are significant (Supplementary Tables 2 and 3 ). In contrast, those glaciers facing the Ross Sea (Fig. 2d) show no significant differences between any epochal divisions. Thus, there is a regional difference between Pacific-facing glaciers, which generally lie along the Antarctic circle (66u 339 S), and those farther south that face the Ross Sea ( Fig. 1) , suggesting a potential link to climate forcing. (Fig. 3) , but both warming and retreat are shorter term than before 1990, and since 2005 there has been a return to cooling. This is consistent with the larger range in terminus position change and the weaker, but still significant, differences. In contrast, there are no significant trends in air temperatures or glacier behaviour in the colder Ross Sea region.
These patterns hint that the response of outlet glaciers along the Pacific Coast may be related to the degree of surface melting. Indeed, meltwater ponds are identifiable on glaciers along this coast (Supplementary Fig. 2) , and January temperatures at Casey (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) were, on average, only cooler by 0.7 uC than at Faraday (Antarctic Peninsula), where glacier retreat has been linked to atmospheric warming 16 . Increased surface melt during warmer-than-average summers has the potential to enhance the opening of crevasses close to the glacier terminus, and, hence, calving, through hydraulic fracturing 20 , as suggested for ice-shelf break-up in the Antarctic Peninsula 21 . This may partly explain the relationship between austral summer temperatures and terminus change, and this hypothesis is supported by the lack of significant trends for glaciers located in the much colder Ross Sea region (Figs 2 and 3) .
Although it is appealing to invoke this relationship between terminus change and air temperatures, it is unlikely that air temperature is the only or most important forcing. Trends in air temperature are connected to synchronous changes in the ocean-atmosphere system through the dominant mode of atmospheric variability, namely the Southern Annular Mode (SAM), which influences wind speed and direction, sea-ice concentrations, sea surface temperatures and coastal ocean upwelling [22] [23] [24] [25] [26] . Positive phases of the SAM index, increasingly common during the last two decades (Fig. 3) , and linked to both increased greenhouse gas concentrations and ozone depletion 23, 26 , are associated with cooler temperatures over East Antarctica, increased sea-ice concentrations and enhanced westerly airflows 22, 23, 25 . Above-average fast-ice extent along the Pacific coast has also been noted in the study region in the 1990s and has been related to a change in wind direction from predominantly offshore to more along shore 24 . Indeed, several studies report increasing sea-ice concentrations in the study region from approximately 1980 to 2010 22, 23, 25, 27, 28 , which is consistent with the predominance of glacier advance since 1990, when above-average 1,001-5,000
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sea-ice and fast-ice concentrations could have suppressed calving by increasing back-pressure on glacier termini 29 . In contrast, reduced seaice concentrations from the 1950s to the mid 1970s 27 are consistent with glacier retreat during the 1960s and 1970s, when air temperatures were also increasing along the Pacific coast (Fig. 3) .
A complicating factor is that positive phases of the SAM are associated with increased coastal upwelling of warmer Circumpolar Deep Water 22, 25 . Intrusion of this water onto the continental shelf could result in increased basal melting and weakening of ice tongues or shelves 14, 18 , but there are few deep submarine troughs within the study area 14 , and it would seem from our data that this process is yet to exert a major influence. Rather, despite the limitations imposed by our decadal measurements, we highlight tentative correlations between terminus position change and both air temperatures and the SAM index, which suggests that a change in mean summer temperature by ,1 uC is manifest as a median terminus position change of 0.5 km per decade (Supplementary Figs 5 and 6) .
Finally, glacier thinning has recently occurred along the Pacific coast in Wilkes Land (DB 12/13) and Victoria Land 1, 9 (DB 14/15). Elsewhere in Antarctica, similar rates of thinning have been linked to retreat and a reduction in buttressing, causing flow acceleration [4] [5] [6] , but similar accelerations have not been reported in our study area 7 . The region of most pronounced mass loss 1,7,9 (DB 13) is the only drainage basin to show a significant return to retreat from 2000 to 2010 (Supplementary LETTER RESEARCH Table 6 ), but a wider comparison indicates that although glaciers that are thickening exhibit very little terminus change, those that are thinning are associated with both retreat and substantial advance (Supplementary Fig. 7 ). This indicates a more complex coupling between glacier discharge (for example velocity and elevation change) and terminus position than has been observed in the Greenland and West Antarctic ice sheets and the Antarctic Peninsula, because the floating extensions of most glacier termini in our study area are unconstrained and they do not exert any substantial buttressing. It may be that any future warming, perhaps driven by oceanic warming, or ozone recovery that results in a more negative SAM index 23, 26 , will thin or remove unconstrained ice tongues or shelves along the Pacific coast, such that terminus retreat has greater potential to induce dynamic mass loss, as observed elsewhere around Antarctica 5, 14 . However, although we detect a previously unrecognized widespread, rapid and synchronous response to large-scale atmospheric and oceanic variability, there is a clear requirement to understand the precise drivers of glacier dynamics to interpret and predict near-future mass loss from the EAIS. In particular, our results imply that the vulnerability of large parts of the EAIS margin requires urgent reassessment.
METHODS SUMMARY
We used optical satellite imagery to map the terminus position of 175 neighbouring outlet glaciers. To remove intra-and interannual variability on short timescales, termini were mapped at the end of the austral summer at approximately decadal time steps. Measurements were made on approximately 300 Landsat satellite images. The requirement for a comprehensive sample of glaciers spanning 5,400 km of coastline meant that only four main time steps allowed cloud-free mapping of the majority of glacier termini in the study area: 1974, 1990, 2000 and 2010 (Supplementary Table 1 ). A subsample of glaciers (38) were mapped with Argon imagery from 1963, but few of these could be re-measured in 1974 and they were widely spread geographically, which is why we exclude this epoch from detailed analysis. The accuracy of the mapping was dictated by co-registration of imagery and is 675 to 6210 m for Landsat imagery and up to 6420 m for some Argon imagery. Overall, 85% of measurements have an error below 6180 m, which is comparable to a study from the Antarctic Peninsula 16 and sufficient for extracting decadal trends. To account for uneven changes along the calving front, termini were digitized within a reference box that delineated the sides of the glacier Fig. 7 ). Monthly mean surface air temperatures (Fig. 1) were extracted from the SCAR Met READER project (http://www.antarctica.ac.uk/met/READER/), and monthly values of the SAM index were obtained from http://www.nerc-bas.ac.uk/icd/gjma/sam.html. To test for significance differences in terminus change and air temperatures between epochs, we used Student's t-test, the Wilcoxon signed-rank test and the Wilcoxon rank-sum test, where appropriate.
Full Methods and any associated references are available in the online version of the paper.
METHODS
Data sources and glacier terminus mapping. We use optical satellite imagery to map the terminus position of 175 neighbouring outlet glaciers along the coast of East Antarctica. To remove intra-and interannual variability in glacier terminus positions on short timescales, we mapped glacier change at the end of the austral summer and at approximately decadal time steps spanning the past five decades. Our primary source of data was approximately 300 Landsat satellite images. Ideally, it would have been possible to pre-select the years of measurement, but our requirement for a comprehensive sample of glaciers spanning 5,400 km of coastline meant that only four main time steps allowed cloud-free mapping of the vast majority of their termini: 1974, 1990, 2000 and 2010. A small subsample of glaciers (38) were also mapped with declassified Argon imagery 31 from 1963 (Supplementary Table 1 ), but few of these could be measured in 1974 and they were widely spread geographically. For these reasons (together with the lower resolution of the imagery in 1963), we exclude this epoch from more detailed analysis.
The absolute positional accuracy of the mapping was limited by co-registration of imagery from different sources and is measured at 675 to 6210 m for Landsat imagery and up to 6420 m for some Argon imagery. Overall, 85% of measurements have an error below 6180 m, which is comparable to a similar study from the Antarctic Peninsula 16 , and is more than sufficient for extracting the decadal trends we present (Supplementary Table 1 ). To account for uneven changes along the calving front, glacier termini were digitized within a reference box that approximately delineated the sides of the glacier 2 . The mean retreat distance was calculated as the area change at each time step, divided by the glacier width, which was obtained from the reference box. Glacier flow speed and elevation change. We compare our data on glacier terminus change and width with recent measurements of their mean flow speed 30, 32 and elevation changes 1 ( Supplementary Fig. 1 ). To guide the extraction of flow speeds and elevation changes, we used a map of grounding line positions using data from differential satellite synthetic-aperture radar interferometry 33 . Ice velocity data were obtained from a high-resolution digital mosaic of ice motion in Antarctica 30, 32 , assembled from multiple satellite synthetic-aperture radar interferometry data acquired during the International Polar Year 2007 to 2009. This data set was used to extract a mean flow speed near the glacier terminus by digitizing an approximately square polygon that covered the width of the glacier and a similar distance in the flow direction (typically producing a box a few kilometres long and wide). The mean velocity was then extracted using the 'spatial analyst' tool in ARCGIS. Given the strong correlation between glacier velocity both up-ice and down-ice from the grounding line (r 2 5 0.85), and the fact that grounding line data were missing from some glaciers, all measurements were made close to the calving front. The glacier change data are suited to presentation on a cube-root scale in Figs 2 and 3 , which allows informative display of long-tailed distributions, including both large positive and large negative values, and is consistent with the display of medians, quartiles, and 5th and 95th percentiles.
For comparison with recent measurements of elevation change 1 (2003-2007) , we also mapped a sample of glaciers in austral summer 2006-2007 (see Supplementary Information and Supplementary Fig. 7 ). Data on ice elevation changes (thickening and thinning) were obtained from previously published ICESat laser altimetry 1 
